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ABSTRACT 
Photocatalysis is being explored as a possible alternative to current disinfection treatment 
methods. Switching to photocatalysis could remove issues with disinfection byproducts and lower 
the operating costs. However, the activity of photocatalysts is too low to be used commercially. 
The most common photocatalyst is titanium dioxide, and while the activity of titanium dioxide is 
high when compared to other photocatalysts, improvements need to be made before 
commercialization. Increasing the activity of TiO2 can be done in a variety of methods, but this 
dissertation will focus only on a single method. 
Previous research has found that TiO2 has a range of activities based on the different phases 
and orientations. Many groups are focusing on growing crystals that are mainly covered with the 
most active facet. However, photocatalysis is about balancing reactions, and combining the most 
active oxidation site with poor reduction site will lower the activity. It is believe that by combining 
a site that is good for oxidation with a site that is good for reduction can outperform a catalyst with 
random orientations or even those with the expression of a single orientation. 
Controlling the phase and orientation of the titanium dioxide will be done by depositing 
TiO2 onto patterned substrates. The patterns were created through block copolymer lithography, 
providing sub-50 nm features over the surface of the substrate. The pattern will then be expressed 
through the film, creating a film that has controlled texture based upon the size scale of the 
patterned surface. These films will then be characterized by measuring the photoactivity through 
methylene blue degradation experiments. 
In addition to the textured films, an experiment was carried out in effort to help identify 
and quantify reactivity of different orientations of TiO2. This was done by photodepositing metal 
ions onto different TiO2 films and measuring the metal deposition over time. These experiments 
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showed the range in activities for oxidation and reduction reactions for the phases and orientations 
tested. 
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Nomenclature 
α absorption coefficient (nm-1) 
δ phase gain 
ε emissivity, dielectric function 
θ angle between incident beam and scattering planes 
λ wavelength (nm) 
μ0 permeability of free space (1.256 x 10-6 N·A-2) 
ν frequency (s-1) 
σ Stefan-Boltzmann constant (5.6704 x 10-8 J·s-1·m-2·K-4) 
φ incident angle with respect to normal 
ψ transmitted angle 
ω angular frequency (rad·s-1) 
A absorbance 
c speed of light in vacuum (2.99 x 108 m/s) 
d atomic lattice spacing (nm), thickness (nm) 
Dp penetration depth (nm) 
E electric field (V·m-1) 
e- electron 
h+ hole 
h Planck constant (4.1357 x 10-15 eV·s) 
H magnetic field strength (A·m-1) 
I intensity (mW·cm-2) 
j* emissive power (J·s-1·m-2) 
x 
k extinction coefficient 
Lp hole diffusion length (nm) 
Mn number average molar mass 
Mw mass average molar mass 
n index of refraction 
n̂ complex index of refraction 
n integer (Bragg’s law) 
r,R reflection (electromagnetic) 
S scattering (electromagnetic) 
t,T temperature (K), transmission (electromagnetic) 
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CHAPTER 1 – PHOTOCATALYSIS AND THE ROLE OF TITANIUM DIOXIDE 
 
1.1 Introduction 
Population growth over the past century has caused a strain on current techniques for 
providing clean water and treatment of wastewater, especially in urban environment.1,2 In effort to 
reduce both the capital and energy costs, photocatalysis has been explored as an alternative method 
to treat water.3 Photocatalysis cannot replace an entire water treatment setup, but can be used in 
place of current decontamination and disinfection methods.4 Disinfection and decontamination 
processes presently used typically involve the use of chlorinated compounds (chlorine, chlorine 
dioxide or chloroamines) or the use of hydrogen peroxide, ozone or ultraviolet light (or some 
combination of two or three).5 These methods are effective at disinfection, but suffer drawbacks 
including high cost and/or the formation of disinfection byproducts that are more harmful than the 
initial pollutants. 
Photocatalysis falls into an area termed Advanced Oxidation Processes (AOPs) where the 
formation of hydroxyl radicals (·OH) leads to the mineralization of compounds.6 The 
mineralization of a chemical forms carbon dioxide, water and any minerals present in the initial 
compound. Some AOPs are currently in use (H2O2 and ozone) in water treatment facilities. By 
using AOPs, many of the issues surrounding disinfection byproducts can be avoided. Since 
chlorinated compounds are not added into the system the formation of halogenated products is 
significantly reduced. 
Whereas other AOPs require the consumption of a chemical, photocatalysis only requires 
consumption of energy in the form of light. Many photocatalysts are self-cleaning, which means 
that continued use does not reduce the activity appreciably.7 While most commercial 
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photocatalysts require ultraviolet light, there are modified catalysts that are active in visible light, 
allowing solar light to be used. 
Future improvements may allow photocatalysis to provide a cheaper treatment option than 
the currently used AOPs, but that is presently not the case.8 Many challenges need to be addressed 
before photocatalysis can be used commercially with success. As with all catalyst reactions, the 
surface area of the photocatalyst directly related to the activity. Highest reaction rates are found in 
slurry- or suspensions-based reactors, but require a separation step. The energy of the incoming 
light needs to exceed the energy of the band gap of the photocatalyst, so for anatase, the cutoff for 
excitation is <388 nm, which requires ultraviolet light for the process. This limits the use of solar 
light as an illumination source, since only 5% of solar light is below 400 nm.9 Another challenge 
with photocatalysis is that the quantum efficiency is typically low, falling below 5% or even 1% 
in many cases.10 Quantum efficiency is normally defined as the fraction of incoming photons that 
are used in a degradation reaction.  
 
1.2 Basic principles of photocatalysis  
Photocatalysis is the process of converting a photon into an electron-hole pair, or exciton, 
that can then react with species on the surface of the photocatalyst (see Figure 1.1). Photocatalysts 
are semiconducting materials, with band gaps that typically fall between 2.5 – 4.0 eV. For the 
process to occur, the incoming light needs to have energy in excess of the band gap of the 
photocatalyst.  
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Figure 1.1: Photocatalyst reaction schematic showing recombination and the 
oxidation and reduction pathways.13 
The electron-hole pairs that are created are not stable and will either recombine or proceed 
to carry out a redox reaction. A third pathway can also occur where excitons can be trapped in 
defect sites on the surface of the photocatalyst. These traps are metastable and allow the electron 
or hole to react with a surface species or recombine after a short time. The generalized reaction 
pathways for titanium dioxide are shown in equations 1.1 – 1.4. Currently, the recombination of 
electron-hole pairs (reaction 1.2) is very high, with estimated rates of 60 – 90%.11,12  
 𝑇𝑖𝑂2 + ℎ𝑣 → 𝑇𝑖𝑂2 + 𝑒𝐶𝐵
− + ℎ𝑉𝐵
+  ( 1.1 ) 
 𝑒𝐶𝐵
− + ℎ𝑉𝐵
+ → ℎ𝑒𝑎𝑡 ( 1.2 ) 
 𝑒𝐶𝐵
− + 𝑂2 → 𝑂2
− ( 1.3 ) 
 ℎ𝑉𝐵
+ + 𝐻2𝑂 →∙ 𝑂𝐻 + 𝐻
+ ( 1.4 ) 
 Titanium dioxide is the most common photocatalyst due to its excellent stability in aqueous 
and corrosive environments, low toxicity and photocorrosion, low cost and relatively high 
activity.4 These characteristics have made titanium dioxide account for more than 80% of the 
published research in photocatalysis (including modified TiO2 compounds).
14 While TiO2 does not 
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have sufficient activity to be used commercially in its unmodified state, many photocatalysts use 
TiO2 as the beginning material. 
 Photocatalysis relies on the formation of unstable compounds, including ·OH and O2
-, to 
then react with pollutants. Figure 1.2 shows the redox couples for these compounds and others in 
an aqueous environment in relation to the band gaps of TiO2 and other semiconducting materials. 
The redox couple can occur if it falls inside the band gap of the semiconductor. That would mean 
anatase can form HO2· while rutile cannot. 
 
Figure 1.2: Band gap position of common semiconductors and redox couples of 
interest in water (energy scale is shown in eV using the normal hydrogen electrode 
(NHE) and vacuum levels as references).15,16 
 
Band gaps are required for the functionality of photocatalysts. A single atom will have 
discrete energy levels according to the electron shells present. Increasing from a single atom to a 
bulk material causes the discrete gaps to form energy bands populated by electrons. Depending on 
the material, there are forbidden energy levels in which no electrons are present. These are known 
as band gaps. Depending on the size of the band gap, the material is either semiconducting or 
insulating. A material without a band gap is a conductor (e.g., metals). 
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Though the magnitude of the band gap is material dependent, the same material may have 
a different band gap depending on the crystalline phase. This is true in the case of titanium dioxide, 
where the band gap of anatase and rutile differ by ~0.2 eV. This difference is primarily observed 
in the conduction band. The value of the conduction band in TiO2 has been largely attributed to 
the Ti3d orbitals.17 The Ti-Ti bond in anatase is stretched when compared to rutile, causing the 
shift in conduction band potential.18  
Comparing the photoactivity of the two phases of titanium dioxide is under debate, 
although it was previously accepted that anatase is more active than rutile. This has been 
demonstrated for aqueous19 and gaseous systems.20 The increased activity is commonly attributed 
to the increased surface area of anatase particles,21 higher Fermi level in anatase,22 or differences 
in surface hydroxylation.23 However, recent improvements in fabrication of sub-30 nm rutile 
particles has allowed comparisons between anatase and rutile with similar surface area and show 
the activity to be very similar.24,25 
While comparisons between the two phases are difficult to carry out due to the variability 
in samples, such as surface area, surface absorption kinetics with different chemical species, and 
different light absorption characteristics, there is little dispute that a mixture of the two phases 
show higher activity than the pure phases. Some of the lesser supported theories involve the 
increased oxygen capacity of anatase providing a reduction pathway for the rutile crystals,26 
another theory claims the increased activity is due to the smaller band gap of rutile absorbing a 
larger amount of light and transferring the excitons to anatase, acting as sort of an antenna.27 
However, the most common explanation for the increased activity is that band bending is occurring 
at the junction of the two phases.28  
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A proposed model for the increased charge separation can be seen in Figure 1.3. From this 
model, it can be seen that there is a small barrier present to separate the electrons and holes 
depending on the incident light. If the energy of the incoming light is below 3.2 eV (380 nm in the 
model), then only the rutile phase is active, and the Fermi level bends causing electrons to be 
trapped in the anatase and holes in the rutile. However, if the incident light exceeds 3.2 eV, then 
the Fermi level remains even in the two phases and the electrons are trapped in the rutile phase. 
 
Figure 1.3: Interfacial band bending model (a) at equilibrium, (b) under illumination 
from light below 380 nn, (c) illumination from light above 380 nm.29 
 It should be noted that the increased activity is only present if the mixture of phases was 
synthesized together. When rutile and anatase particles are physically mixed together, the 
increased activity is no longer present.30 This is likely due to the fewer points of contact between 
phases causing increased resistance for charge transfer. If the two phases are physically mixed and 
then calcined at a low temperature, the synergistic effect reappears.  
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1.3 Properties of titanium dioxide 
Titanium dioxide is one of the most studied metal oxides, with extensive studies carried 
out on both rutile and anatase phases. Brookite, a stable third phase exists, but it is not as well 
studied. This is due to the transitioning to rutile at high temperatures making large crystal synthesis 
difficult, as well as few applications that brookite has more favorable properties than rutile or 
anatase.30 Anatase and rutile both have tetragonal structures with the crystal parameters shown in 
Table 1. There is a large amount of research done on both crystal structures, the energetics of 
different facets, defects and reconstructions that have been carried out on rutile, and to a lesser 
extent, anatase crystals, but only information relevant to the present research will be presented 
here. 
Table 1.1: Crystal properties of titanium dioxide 
Crystal 
Structure 
Space Group 
Lattice constants (nm) 
a b c c/a 
Rutile D4h
14 − P42 mnm⁄  0.4584 - 0.2953 0.644 
Anatase D4h
19 − I41 amd⁄  0.3733 - 0.937 2.51 
 
 
Figure 1.4: Bulk TiO2 crystal structure for rutile and anatase phases.17 
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Using calculated surface energies, rutile crystals will only express the (100), (001), (101) 
and (110) facets at thermodynamic equilibrium. Similarly for anatase, only the (001) and (101) 
facets are exposed.31 From calculations, the (101) facet of anatase constitutes approximately 94% 
of the exposed surface. While it is possible to cap surfaces or cause the crystal to grow at non-
equilibrium conditions, it does give a perspective into the stability of the different facets and the 
difficulty in trying to maximize an unstable surface. 
Experiments have been carried out on the different facets and have shown that the activity 
varies not only from one phase to another, but from one facet to another in the same phase. For 
anatase, it is been shown that (001) surface is the most active, while the (101) is the least active.32 
This agrees with the calculated surface energies from the Wulff construction. For rutile surfaces, 
there are conflicting results. For the decomposition of a fatty acid, the activity was found to 
increase in the order of (114) < (100) < (101) < (001),34 but for the deposition of silver atoms, the 
activity was found to increase in the order of (110) < (001) < (101) < (100) < (111).35 
The difference in the order of activities on the rutile surface demonstrates another 
important, and often overlooked, parameter. The reactivity of the different facets has been found 
to be preferential for reduction or oxidation reactions. The decomposition of a fatty acid is through 
oxidation of the acid, while the deposition of silver atoms is a reduction from Ag+ to atomic silver. 
Relating the crystal facets to oxidation or reduction reactions is a small research area. A qualitative 
method is to deposit a metal through either an oxidation or reduction reaction on the surface of the 
catalyst and then find the facet using SEM or AFM imaging. 
For rutile surfaces, a silver deposition experiment showed the activity goes from (110) < 
(100) < (111) < (101) < (001).36 However, another group found that during platinum reduction the 
activity lowest on the (011) face and highest on the (110) face.37 For anatase crystals, the reduction 
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rate of platinum was found to be highest on the (011) surface and lower on the (001) surface. The 
activity for oxidation of Pb2+ was shown to be opposite of the reduction results, so R(011) and 
A(001) were the most active. A more comprehensive review of the literature on metal deposition 
can be found in Chapter 4. 
 
1.4 Increasing the activity of titanium dioxide 
As mentioned previously, excitation of anatase occurs below 388 nm since anatase has a 
band gap of 3.2 eV. For reference, calculating the energy of light based on wavelength is shown 
in equation 1.5. Due to the small portion of solar light having sufficient energy to excite anatase, 
a lot of research is being done to decrease the band gap or otherwise increase the visible light 
activity. This is being done most often through doping38 or the addition of noble metals such as 
Ag, Pt, or Pd.39 These methods can lower the excitation energy to below 2.5 eV. However, 
decreasing the band gap impacts what reactions can be carried out (see Figure 1.2), so there is a 
balancing between decreasing the band gap and maintaining reactivity. 
 𝐸 = ℎν =
ℎ𝑐
𝜆
=
(4.1357×10−15 𝑒𝑉∙𝑠)(2.9979×108𝑚 𝑠⁄ )
𝜆 (𝑛𝑚)
=
1239.8 𝑒𝑉∙𝑛𝑚
𝜆  (𝑛𝑚)
 ( 1.5 ) 
 There are other methods to increase the reactivity of titanium dioxide without changing the 
composition. Decreasing the particle size can increase the activity, due to both the increase in 
surface area as well as quantum confinement effects.40,41 Quantum confinement increases the band 
gap, that then causes an increase the reaction kinetics.  
 Alternatively, it is proposed that by developing a nanotextured TiO2 film with small 
alternating crystals of anatase and rutile, it is possible to combine the synergistic effects of the 
mixed phases with the optimization of exposing the correct facets for the highest oxidation and 
reduction rates. To reduce the recombination in the bulk crystals, the crystal size will need to be 
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on the same order as the minority carrier diffusion length, Lp, which is the average distance a 
carrier will travel before recombining. The diffusion lengths for titanium dioxide are less than 100 
nm for hole transport.42,43 
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CHAPTER 2 – EPITAXIAL FILM GROWTH 
 
2.1 Controlling the orientation of titanium dioxide films 
Over the last few years, there has been a growing focus in facet engineering of titanium 
dioxide materials (Figure 2.1). The interest in controlling the facets is from both work advancing 
synthesis methods, as well as more interest in optimizing the exposed facets for highest 
photoactivity. While it is possible to grow large rutile crystals and cut them in different 
orientations, anatase crystals larger than 50 nm in size were traditionally very difficult to grow.1  
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Figure 2.1: Publication results on Scopus for keywords “facet” and “TiO2” 
 
For anatase particles with a high percentage of <001> facets, hydrothermal growth with a 
capping agent (typically a fluorine-based compound) is used. This can result in crystals from 20 
nm to a few microns with 40 – 80% of the exposed surface having <001> facets.2,3 However, these 
crystals result in bound fluorine that may impact the activity when compared to untreated TiO2. 
One study found that that the selectivity of the capped titanium dioxide particles was changed as 
the fluorine concentration was varied.4 Using a hydrothermal method to grow titanium dioxide 
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crystals has issues inherent to suspensions for photoactivity measurements. Particle systems will 
require a separation step and there are too many unknown variables for trying to calculate any 
quantum efficiency since the light will be scattered throughout the system with uneven flux.  
Another common method to expose specific crystal facets is through epitaxial deposition. 
This method uses both the substrate and deposition conditions to reproducibly deposit films in a 
certain orientation. Commonly, substrates with lattice parameters that closely match the desired 
phase are investigated. Since there is a large difference in the lattice parameters between rutile and 
anatase (rutile: a = b = 0.4584 nm, c = 0.2953 nm; anatase: a = b = 0.3733 nm, c = 0.937 nm) 
growing high quality, single phase films is possible. 
There have been multiple orientation relationships found for both rutile and anatase films 
on various substrates. Rutile films can be deposited with (110) orientation on Ag(100)5 and 
W(100)6 substrates. R(101), R(100), and R(001) films can be deposited on M-plane, R-plane and 
C-plane sapphire substrates, respectively.7  Depositing onto (100) SrTiO3 or LaAlO3 substrates 
yields A(001) oriented films, while (100) MgO substrates result in A(100) oriented films. Other 
relationships have been found using more costly substrates, LSAT and YSZ, but the same crystal 
orientations resulted.8 The method of deposition can vary, but physical or chemical vapor 
deposition methods are most often used.9-11 The most common methods for titanium dioxide films 
are pulsed laser deposition, atomic layer epitaxy, molecular beam epitaxy or sputter deposition. 
The deposition source can vary as long as the temperature, pressure and gas pressures can be 
controlled. 
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2.2 Sputter deposition setup 
Since epitaxial films can be grown from a variety of methods, sputter deposition was 
chosen due to equipment availability and previous work. Titanium dioxide films were deposited 
using a Kurt J. Lesker EMS 18 dielectric sputtering system. The system has three confocal 3” 
magnetron guns with the option for DC or pulsed DC operation. The system has automatic pressure 
control with the option of sputtering in argon or reactive sputtering in oxygen or nitrogen. The 
rotating substrate holder is equipment with a quartz lamp heater with the ability to deposit at high 
temperatures (stated as 800°C, but was less than 600°C in practice). The chamber is held under 
vacuum by a cryo pump with a base pressure around 5 x 10-7 torr. 
The deposition chamber had a Lumasense IMPAC IGA 5 pyrometer installed for in-situ 
temperature measurement. The pyrometer was mounted normal to the substrates and could be used 
during deposition without any interference from the guns or shutters. A pyrometer measures the 
temperature of an object using the Stefan-Botzmann law: 
 𝑗∗ = 𝜀𝜎𝑇4 ( 2.1 ) 
This allows the temperature of an object to be measured without requiring physical contact. The 
substrates used were transparent in the wavelengths measured by the pyrometer (1.45 – 1.8 µm), 
so the backside of the substrates were coated with NiCr to block any emission from the heaters. 
For the pyrometer to accurately measure the temperature, the emissivity of each substrate would 
need to be measured. To do this, the coated substrates were placed in a tube furnace, and the 
pyrometer was placed at the end of the furnace measuring the substrate. A thermocouple was 
placed approximately 1 cm behind the substrate to verify the temperature of the furnace. The 
substrates were placed vertically inside of a stainless steel tube to shield background radiation from 
the furnace from interfering in the measurement. See Error! Reference source not found. and 
Figure A.2 for the setup and emissivity data, respectively. The emissivities were then used to 
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measure the temperature of the substrates inside the deposition chamber. Using the pyrometer, the 
maximum substrate temperature was found to be 550°C for extended deposition. Higher 
temperatures were not possible without risk of damaging the components of the sputter deposition 
system. 
 
2.3 Titanium dioxide film synthesis 
Substrates were chosen based on epitaxial relationships to provide an anatase and rutile phase 
for comparison. 2” wafers of (100) LaAlO3 and (0001) sapphire were purchased from MTI 
Corporation. The wafers were cut into 1 x 1 cm pieces for deposition. The substrates were cleaned 
before deposition by annealing at 700°C for 4 hours, followed by rinsing in DI water. The backside 
of the substrates was then coated with approximately 100 nm of NiCr using an AJA Orion-8 sputter 
deposition system. The samples were then loaded into the dielectric sputter deposition system and 
brought to the deposition temperature. The heating rate used for all samples was 10°C/min, while 
the cooling rate was not controlled (heat was turned off). All substrates were coated simultaneously 
at each temperature in an attempt to minimize variation between depositions. 
 Sputtering a metal oxide from a metallic target causes the formation of an insulating oxide 
layer on the surface of the target. This layers needs to be accounted during deposition to maintain 
consistent deposition rate and stoichiometry. A hysteresis curve can be done to show the conditions 
at which the insulating layer builds up faster than the material is sputtered away. This curve is 
shown in Figure 2.2. From the figure, the critical point at which the insulating layer build up 
exceeds the removal rate occurs at ~ 6.5% oxygen. 
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Figure 2.2: Hysteresis plot for sputtering of titanium target in dielectric sputter deposition 
system. Measurements were taken at room temperature. Remaining gas fraction was argon. 
 For insulating materials, conditions are typically set to sputter in the uncovered regime 
(less than 6% oxygen) to maintain a high deposition rate. However, films deposited at 5% oxygen 
lacked any measureable crystallinity at 400°C, with a distinct absence of the A(001) phase as 
predicted from literature (see Figure A.3). Even after increasing the deposition temperature to 
600°C, only a weak anatase (001) peak was detected. Additionally, any attempts to measure the 
film optical constants using ellipsometry were unsuccessful. The film could not be modeled even 
above the band gap using a Cauchy model to determine thickness. 
 RBS measurements were performed on films to determine the stoichiometry of the film. 
RBS data were taken using a High Voltage Engineering Van de Graaf accelerator as the source for 
2 MeV He ions. The sample configuration was set up so that the incident angle was at 22.5°, the 
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exit angle was 52.5° and scattering angle was 150°. The film composition was found to be 0.33 ± 
0.02 titanium with the remaining fraction oxygen (Figure A.4). 
 After some trial and error with varying the gas atmosphere, it was found that by changing 
to a 100% oxygen atmosphere alleviated any issues with crystallinity or ellipsometry. Sputtering 
with argon in the atmosphere seemed to be detrimental to the film quality. While not present in 
RBS measurements, there is a possibility that trace amounts of argon were being trapped in the 
films. The impurity could cause issues with the crystallinity and optical quality of the film. 
The deposition rate of the TiO2 films decreased from ~ 8 nm / min down to ~ 0.5 nm / min. 
This decrease is a possible contributing factor to the increased film quality, although 8 nm/min 
should not be high enough to be a non-equilibrium process. Using a fully covered target can cause 
issues maintaining a stable plasma or significant arc formation. These issues were not observed 
and the only change in sputter parameters was an increase in the deposition time from 10 minutes 
to 90 minutes. 
 Titanium dioxide films were deposited on lanthanum aluminum oxide (100) at 400°C – 
550°C. The films were then characterized using a Philips X’pert MRD diffractometer. This 
instrument uses a Cu K-alpha source (λ = 0.154 nm) and was used to measure a 2-theta spectrum 
from 20 – 60 degrees. The x-ray diffraction results show that anatase (001) (2θ – 37.9°) is present 
at all temperatures, with a maximum crystallinity at a deposition temperature of 550°C (Figure 
2.3). At a deposition temperature of 400°C, there is a small peak at 28.7° that could not be 
attributed to a titanium dioxide or suboxide peak. 
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Figure 2.3: XRD spectra for TiO2 films deposited on (100) LaAlO3 at temperatures ranging 
from 400°C – 550°C. Deposition conditions were as follows: working pressure – 5 mtorr, 
oxygen concentration – 100%, deposition time – 90 min. 
 
 Titanium dioxide films were also deposited on c-plane sapphire (0001) using the same 
procedure as with the LAO samples. The results showed that there was an anatase (001) peak (2θ = 
38.1°) present for all samples. The peak increases in intensity up to 500°C, then falls off sharply 
at 550°C. At 400°C and 550°C, there is a prominent rutile (100) peak (2θ = 39.8°) that is absent 
in the 500°C sample. No other orientations were detected.  
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Figure 2.4: XRD spectra for TiO2 films deposited on (0001) sapphire at temperatures ranging 
from 400°C – 550°C. Deposition conditions were as follows: working pressure – 5 mtorr, 
oxygen concentration – 100%, deposition time – 90 min. 
 
 Silicon substrates with a 100 nm thermal oxide (SiO2) were also coated during the 
depositions at each temperature. This was done for a control for the block copolymer films, but it 
also allowed ellipsometry of the films to be measured. A J.A. Woollam VASE (variable angle 
spectroscopic ellipsometer) was used to measure the optical properties of the films over the 
wavelength 500 – 1000 nm with an incident angle of 75°. Titanium dioxide is transparent in this 
range and a Cauchy model can be used to estimate the thickness.12 For all temperatures, the film 
thickness was modeled at 50 ± 2 nm. 
 The morphologies of the films were inspected AFM and SEM. The atomic force 
microscope used was an Asylum Research Cypher S using Budget Sensors TAP-300G AFM tips. 
A Hitachi S-4800 SEM was used with an accelerating voltage of 1 kV to limit charging. For the 
TiO2 films on LAO substrates, there was a very smooth surface decorated with small crystals of ~ 
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40 nm (Figure 2.5). This structure was reproducible at different temperatures and with different 
samples (Figure A.6), but no cause could be determined. TiO2 films on LAO in the literature 
showed an even film over the surface.13  The titanium dioxide films on sapphire showed mixed 
phases, agreeing with the XRD results. 
  
Figure 2.5: SEM image (upper left) and AFM scan 
(lower left) of TiO2 film deposited on LAO substrate 
at 450°C. SEM image of TiO2 film deposited on 
sapphire substrate at 400°C (upper right). 
 
 
 
 
 
 
2.4 Discussion 
Using magnetron sputtering, epitaxial anatase films were deposited on (100) LAO 
substrates. Above 450°C, the only orientation detected was anatase (001). This result agrees with 
previous reports for 500°C – 600°C using both PLD and sputter deposition.11,14 The SEM and 
AFM results showed island nucleation above 450°C. This phenomenon was reproducible in this 
100 nm 100 nm 
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work, but other examples could not be found in the literature in TiO2/LAO systems.
15,16 Concerned 
that the smooth surface was actually LAO and not TiO2, RBS measurements were taken to measure 
the areal density and roughness of the TiO2 film (Figure A.5). The areal density was found to be 4 
x 1017 atoms/cm2, which is the same value found for TiO2 films on sapphire and SiO2/Si substrates. 
The roughness value of 1 x 1017 atoms/cm2 was also very similar to values found on the other 
substrates. The RBS data indicates that TiO2 constitutes the smooth surface, and is not just in 
dispersed crystals on the surface. 
Titanium dioxide deposition on c-plane sapphire showed the presence of both anatase and 
rutile phases. The expected result was to have only a rutile (100) film based on the many of 
reported papers on epitaxial growth of TiO2.
11,17,18 After searching for mixed phase growth though, 
there are other reports of both anatase (001) and rutile (100) crystals on c-plane sapphire.14,19,20 
The anatase phase disappeared at when the deposition temperature was raised above 600°C. The 
sputter deposition system was limited to a maximum substrate temperature of 550°C, so it was not 
possible to determine if pure rutile could be deposited.  
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CHAPTER 3 – TITANIUM DIOXIDE FILMS WITH CONTROLLED NANOTEXTURES 
 
3.1  Introduction 
From Chapter 1, there was evidence that by manipulating the orientation and phase of 
titanium dioxide, a film could be synthesized with superior activity to that of a random mixture. 
Having the capability to deposit the various phases and orientations would provide the capability 
to test recombination and reaction kinetics in a more controlled manner than with suspensions or 
even mixed phase films. Additionally, by using a method that can coat substrates of any size would 
allow the integration of this highly configurable design into commercial applications. 
This research aims to create a nanopatterned substrate that a titanium dioxide film can be 
deposited on. The pattern needs to provide a stable surface for the film at deposition conditions (P 
= 5 x 10-7 torr, T = 550°C). The patterning process should be scalable to substrates with length 
scales over 1 cm. The titanium dioxide film will then grow epitaxially depending on the location  
on the substrate or mask. The mask could, for example, result in R(101) crystals, while the 
unmasked substrate could be A(001) crystals. By changing the substrate, different relationships 
could be probed. 
 
3.2 Nanopatterning 
 Synthesizing a nanotextured titanium dioxide film will require a substrate with 
nanopatterned features. These features need to be on the same scale as the minority diffusion 
length, which lies between 10 – 100 nm. Patterning surfaces with features of that size scale is 
limited to few techniques. There are both what are termed “top-down” and “bottom-up” 
approaches. Top-down methods control feature size through the instrumentation, such as e-beam 
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or UV lithography. Bottom-up methods rely on self-assembly of small particles to minimize 
surface energy and organize into a repeating pattern. Bottom-up methods typically use polymers, 
either in the form of block copolymers or polystyrene nanospheres, for the template. A quick 
summary of the methods and the advantages/disadvantages for each method can be found in Table 
3.1. In the table, photolithography is referring to visible and UV light, and not EUV and x-ray 
lithography since these methods require specialized equipment and is not a common technique. 
Table 3.1: Common nanopatterning techniques and limitations.1 
Method Technique 
Minimum 
feature (nm) Advantages Disadvantages 
Top-down 
Photolithography* 37 
Mass production speed, 
well-known methods, easy 
scaling 
Another method needed 
for masks, minimum 
feature limited by λ, 
expensive 
E-beam lithography < 5 
High control, any pattern 
possible 
Slow, expensive, difficult 
to scale 
Scanning probe 
lithography 
< 5 High control 
Tip wear can cause 
variations, sensitive to 
topography, difficult to 
scale 
Nanoimprint 
lithography 
~ 5 
Mass production speed, 
reproducible 
Requires another method 
for master 
Bottom-up 
Nanosphere 
lithography 
~ 100 
Scales reasonably well, 
inexpensive, easy to vary 
feature size 
High defect density over 
large scale, limited 
patterns, limited sizes 
Block copolymer 
lithography 
< 10 
Scales reasonably well, 
inexpensive, easy to vary 
feature size 
High defect density over 
large scale, limited 
patterns 
* Photolithography refers to conventional photolithography and does not include EUV or X-ray 
lithography techniques. 
 
 Photocatalysis experiments are typically performed over a large area, so the 
nanopatterning technique will need to be able to scale up to millimeters or centimeters for 
photoactivity measurements. This means that e-beam and scanning probe techniques are not 
suitable presently. Since the optimum crystal size will need to be optimized for a rutile-anatase 
mixture, changing feature sizes should be something that does not require a new mask, which 
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makes photolithography and nanoimprint lithography unreasonable. Finally, the pattern size 
needs to be approximately 2·Lp in attempt to minimize recombination, so nanosphere lithography 
would not work.  
Of the common methods listed in Table 3.1, only block copolymer (BCP) lithography 
meets the previous requirements. The challenges with using block copolymers involve the 
reproducibility over large areas and limited pattern availability. The pattern options are 
dependent on the polymer composition and the deposition environment. Block copolymers can 
result in spherical (cylindrical) packed, lamellar or the corresponding inverse patterns (Figure 
3.1). The titanium dioxide film thickness will be < 100 nm, so a 3-dimensional pattern is not 
necessary, so only the spherical and lamellar patterns will be looked at. 
 
Figure 3.1: Different morphologies of block copolymer systems. From left to right: spherical, cylindrical, 
lamellar, inverse cylindrical, inverse spherical 
A block copolymer is typically two polymers that would otherwise be immiscible with 
each other. The polymers are covalently attached on one end of the chain. When the polymers are 
put into solution and onto a substrate, the polymers are mixed and homogeneous. However, as the 
solvent evaporates, the polymers will orient themselves in a manner to minimize surface energy. 
Normally this would result in two separate polymer layers. However, due to the covalently 
attached end, they cannot truly separate, and instead undergo macroscopic phase separation. The 
polymer that has the lower volume fraction will commonly form micelles in two or three 
dimensions (cylinders and spheres, respectively). By controlling the annealing conditions, the final 
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phase separation can be changed from one morphology to another.4 Applying an electric or shear 
field will result in a lamellar pattern. By etching the substrate, the BCP can be forced into a 
particular morphology and can even control the spacing of the microdomains. Other methods 
involve varying the atmosphere either with temperature or by solvent annealing.  
 
3.3 Synthesis of block copolymer pattern 
Using a block copolymer to create a patterned mask is a recent development, especially 
with patterns now having feature sizes below 10 nm. However, the process used here is not novel 
and has been used before. The selection of polymers is dependent on the processing of the BCP 
film and whether the film will be used as a mask or if a masking material will be deposited on top 
of the BCP film.  
For this work, the BCP film is used directly as the masking material. A BCP with silicon 
in one of the polymers allows the creation of a silicon oxide mask in a single step. A BCP that can 
be used for this purpose is a polystyrene-block-polydimethylsiloxane (PS-b-PDMS). The 
polystyrene is easily removed with oxygen plasma, and the PDMS phase is converted to a silicon 
oxide film.2 
PS-b-PDMS was purchased from Polymer Source, Inc. (Mn x 10
3 = 33.5-b-6.5, Mw/Mn = 
1.1). Initially, a solution of 1 wt% PS-b-PDMS in tetrahydrofuran (Sigma-Aldrich, ACS reagent, 
>99.0%) was deposited by a spin coater (BidTec SP100). Later experiments used 1 wt% PS-b-
PDMS in toluene (Sigma-Aldrich, ACS reagent grade, >99.5%) The substrates were cleaned by 
annealing at 700°C for 4 hours in air followed by rinsing in DI water. The substrates were then 
loaded into the spin coater and the solution was dispersed at 1000 rpm. The speed was then 
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increased to 5000 rpm for 30 s. Solutions dispersed with a stationary target resulted in films with 
multiple layers of packed spheres. 
  
Figure 3.2: Block copolymer deposition procedure. (1) Spin coat PS-b-PDMS onto substrate 
(2) Anneal BCP film to allow for phase separation (3) Remove PS from film using oxygen 
plasma (4) Coat the backside of the substrate with ~ 100 nm NiCr (5) Deposit TiO2 onto the 
patterned surface. 
The annealing of the BCP solution is critical to the resulting morphology. Initial BCP films 
were annealed in a vacuum chamber at 170°C for 8 hours, a method from the literature.3 The 
resulting film morphology showed aggregation of spheres and an uneven packing (see Figure 3.3 
(a)). For the next sample, the annealing condition was changed to solvent annealing in toluene for 
8 hours.4 Solvent annealing is when the substrate is exposed to air saturated with a solvent or 
solvent mixture. The film quality was better, but the long range organization was poor and the 
many of the spheres were still touching each other (see Figure 3.3 (b)). The BCP solvent was then 
changed from THF to toluene. The sample was then annealed in acetone vapor for 8 hours. The 
sphere packing was uniform and the long range order was high than previously (see Figure 3.3 
(c)). The annealing condition was extended to 12 hours under acetone vapor, and the resulting film 
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showed very uniform packing and excellent long range order over 2-3 microns, which was the 
limit on SEM to distinguish spheres (see Figure 3.3 (d)). The final condition was used for all future 
films. 
 
Figure 3.3: SEM images of PS-b-PDMS films deposited on silicon substrates. Films deposited 
by spin coating 1 wt% solution (tetrahydrofuran or toluene), followed by a 10s CF4 plasma 
and 60s O2 plasma. Annealing conditions: (a) THF solution, vacuum annealed at 170°C for 8 
hours, (b) THF solution, solvent annealed in toluene for 8 hours, toluene solution, solvent 
annealed in acetone for (c) 8 hours, and (d) 12 hours. Features in (d) have a diameter of ~30 
nm with center-to-center spacing of ~36 nm, which gives approximately 46% exposed 
substrate. (Samples were coated with a thin Au/Pd layer to reduce sample charging) 
 Following the annealing, the films were exposed to plasma treatment to remove the 
polystyrene using an Axic Reactive Ion Etching (RIE) system. Each film was exposed to CF4 
plasma for 10s (100 W), followed by an O2 plasma for 60 s (200 W). The short CF4 etching was 
required to remove any PDMS that was present at the air-polymer interface. PDMS has a lower 
surface tension than PS, so the PDMS would orient itself at the boundary.4 
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After plasma treatment, a silicon oxide mask with features of ~ 30 nm remained. The 
spacing between spheres was approximately 6 nm. The molecular weight of the polymer was 
chosen to provide a pattern with features of approximately 25 – 30 nm, but that can be changed by 
changing the molecular weight of the starting BCP. Also, the spacing between spheres can be 
adjusted by changing the volume fraction of the polymers. The patterned surfaces were annealed 
up to 700°C for 8 hours to verify mask stability during TiO2 deposition. SEM image show minimal 
deformation or material loss following the thermal treatment (see Figure A.7).  
 
3.4 Titanium dioxide films 
  After patterning the substrates with the BCP mask, TiO2 films were deposited onto the 
substrates. For details on the sputter deposition system, please refer to Chapter 2. The titanium 
dioxide deposition conditions for the BCP films were Tsubstrate = 550°C, pressure = 5 mtorr, oxygen 
concentration = 100%, deposition time = 90 min. Prior to TiO2 deposition, the backside of the 
substrates was coated with ~ 100 nm of NiCr to block any light from the heater to the pyrometer. 
In addition to the masked substrates, TiO2 films were also deposited on bare LAO, sapphire and 
silicon (with 100 nm SiO2 layer) for comparison. Bare substrates were cleaned by annealing in air 
at 700°C for 4 hours followed by rinsing in DI water. Patterned substrates were used following the 
oxygen plasma treatment with no further preparation. 
The crystallinity of the films was examined using x-ray diffraction (Figure 3.4). For the 
BCP+LAO sample, no measureable crystalline orientation was detected. This is in sharp contrast 
to the TiO2 film on the bare LAO substrate. The sapphire samples did not show a matching trend 
and the crystallinity with and without the BCP pattern were very similar. For the BCP+LAO 
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sample, it seems that the mask coverage is too high for crystals to grow on the surface. However, 
this did not impact the growth of crystals on the BCP+sapphire substrate. 
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Figure 3.4: XRD spectra of TiO2 films on bare and masked substrates. TiO2 films were 
deposited at 550°C. TiO2 on Si/SiO2 is used as reference for silica masks. 
 
This phenomenon could be explained by the morphology results of the TiO2 films on LAO 
and sapphire substrates (Figure 2.5). The TiO2 film on LAO was found to be very smooth with 
some exposed crystals. The film on sapphire showed many small crystals over the entire surface. 
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These small crystals on sapphire could still grow in the vacancies from the mask. However, the 
anatase crystals were larger and may be physically constrained from properly forming. 
Titanium dioxide deposited on amorphous SiO2 (Si/SiO2 sample) showed very little 
crystallinity, but small peaks indicating anatase (101) and rutile (110) were detected. The TiO2 
film deposited on the silicon oxide mask is expected to show similar structure. Looking at the film 
morphology with an SEM shows that the film may have some crystallinity, but it is not possible 
to assign phases (Figure 3.5). 
 
 
Figure 3.5: SEM image of TiO2 deposited on Si/SiO2 substrate at 550°C.  
  
3.5 Photoreactor design 
A photoreactor was used to determine if the patterned substrates showed higher 
photoactivity. Designing a reactor around a film offers benefits that are not available when using 
a suspension. The light path can be minimized to reduce the amount of auto-oxidation of the 
solution and allow quantum efficiency measurements to be made. Additionally, all of the sample 
will be receiving the same flux of light, with only light scattering inside the film occurring. The 
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reactor design that is used also has the capability to monitor the degradation rate of dye solutions 
in-situ. By doing so, cuvettes do not need to be drawn and replaced causing changes in the solution 
volume. This is not an issue with large volumes, but 1 mL withdrawals can affect small volume 
systems. This is more of an issue if the samples cannot be analyzed and returned immediately. 
The reactor design uses a recirculating loop to provide mixing and aeration. A schematic 
of the system is shown in Figure 3.6. The components of the system are as follows: 
- Masterflex L/S peristaltic pump with L/S 16 tubing 
- Custom fabricated sample holder with polydimethlysiloxane spacer 
- FIA-1000 Z-flow (plexiglass) cell with 1 cm pathlength 
- Ocean Optics LS-1 light source with fiber optic cables 
- Ocean Optics USB4000 spectrometer 
- Newport Solar Simulator with AM1.5 filter set with spot size set to ~3 x 4 mm ellipse 
- Teflon tubing and 30 mL vial 
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Figure 3.6: Photoreactor setup. Direction of methylene blue solution :reservoir => pump => sample holder => 
z-flow cell => reservoir. 
 This setup can be used for any reaction that can be monitored by UV-Vis spectroscopy. 
The degradation rate of methylene blue solution will be used measure the photoactivity. Methylene 
blue is a common compound used to measure the activity of photocatalysts, and is generally 
considered the standard photoactivity measurement.10-12 The advantages of methylene blue are that 
the degradation can be monitored using UV-Vis spectroscopy, undergoes a series of oxidation 
reactions until it is fully decomposed and has no heavy metal ions to poison the catalyst. It has 
some issues that have been studied, but no alternative has taken its place. The issues that are most 
commonly brought up involve the large change in the reaction rate as the pH deviates from neutral, 
methylene blue can decompose under strong light, and that methylene blue has a reduction 
pathway that is also colorless.13  
peristaltic pump 
spectrometer 
reservoir incident light from 
solar simulator 
light source 
recirculation 
pathway 
sample holder z-flow cell 
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 The excitation source used was a solar simulator with an AM1.5 filter. Initial tests of the 
system showed that the auto-oxidation rate of methylene blue was 1-2 orders of magnitude higher 
than the activity of the film. Methylene blue has been found to auto-oxidize in strong UV light or 
at strong light at its absorption peak of 660 nm. This issue was solved by installing a Hoya B-460 
blue filter to cut off the light at 660 nm, as well as any light below 350 nm. See Figure A.8 and 
Figure A.9 for the change in light profile and auto-oxidation rate of methylene blue before and 
after installing the filter. 
 Each methylene blue degradation experiment had the same experimental conditions. The 
starting concentration of methylene blue was 1 ppm (3.17 x 10-6 M), volume = 15 mL, recirculation 
rate = 10 mL/min. The solution was recirculated in the dark for two hours prior to turning on the 
solar simulator to allow the system to come to equilibrium. The experiments are then run for at 
least 12 hours. The degradation experiments need to be run for a long period of time due to the 
small amount of catalyst present in the film. 
 
3.6 Photoactivity of epitaxial and BCP-patterned substrates 
The degradation of methylene blue was measured for a bare Si/SiO2 substrate, TiO2 on 
LAO, TiO2 on sapphire, TiO2 on Si/SiO2, TiO2 on BCP-patterned LAO and TiO2 on BCP-patterned 
sapphire. The films were all deposited at 550°C. The experimental data is shown in Figure 3.7. 
The bare substrate has the lowest degradation rate, which is to be expected. The auto-oxidation 
rate of methylene blue is still high enough to lower the concentration to 93% of the initial 
concentration after 12 hours. The highest activity was the TiO2 on Si/SiO2 film. The epitaxial films 
both had very low activity, just marginally higher than the bare substrate. Based on the literature, 
the TiO2/LAO sample should have high activity since it is almost pure (100) anatase.  Based on 
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information about mixed phases, the sapphire sample should show the higher activity than LAO 
due to the presence of both rutile and anatase phases. 
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Figure 3.7: Methylene blue degradation over TiO2 films on bare and BCP-patterned 
substrates. 
 The films that were deposited onto the BCP-patterned substrates showed interesting results. 
The BCP on sapphire showed no significant change in activity. The reaction rate of the BCP on 
LAO sample was actually triple that of just the TiO2 on LAO sample (after removing the 
contribution from auto-oxidation). Table 3.2 shows the calculated reaction rate constants, k, with 
and without adjusting for the auto-oxidation rate. 
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Table 3.2: Rate constants, k, for methylene blue reaction over TiO2 films. The 
“Adjusted” column removes the auto-oxidation contribution to the rate 
constant. Rate constant found by fitting degradation data to a C = C0e-kt 
model. 
Sample 
Rate Constant 
(10-3 hr-1) 
Raw Adjusted 
Bare Si/SiO2 6.63 0 
TiO2/LAO 9.90 3.27 
TiO2/BCP+LAO 17.7 11.1 
TiO2/Sapphire 13.0 6.37 
TiO2/BCP+Sapphire 13.1 6.47 
TiO2/(Si/SiO2) 22.3 15.7 
 
 
While the results did not show the patterned surfaces to have the highest activity, the 
experiment was not a failure either. Adding the BCP-pattern to sapphire made no impact in the 
reactivity of the sample. The BCP-pattern also had no significant impact on the crystallinity of the 
film. On the other hand, the BCP-pattern made a very large change to both the reactivity and 
crystallinity for the LAO substrate. From the XRD results, if the BCP-pattern prevented any crystal 
growth on the LAO substrate, the film would behave very similar to the Si/SiO2 film, since the 
patterned surface was SiOx. From the data, the BCP+LAO film showed the closest activity to that 
of the Si/SiO2 sample. 
The BCP-patterned surface may have introduced a change in the surface area of the film, 
which may account for the change in activity. To account for this, a titanium dioxide film was 
deposited onto a patterned Si/SiO2 substrate. This film would remain amorphous, but can provide 
information into any changes in activity base on topography. The results from Figure 3.8 show 
that the degradation rate of the film deposited on the patterned surface shows no measureable 
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change in activity. This trial was completed before use of the band pass filter, but the results using 
the filter would be similar and was not repeated. 
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Figure 3.8: Methylene blue degradation over titanium dioxide films deposited on bare and 
patterned Si/SiO2. These trials were carried out without the use of the band pass filter, 
resulting in a higher degradation rate than shown in Figure 3.7. 
 Looking at just the epitaxial films, the activity was much lower than the polycrystalline 
film on the Si/SiO2 substrate. This could be due to limiting the oxidation and reduction reactions 
to the same facet. This is a conclusion that Ohno made when examining differences in metal 
deposition rates.14 Since the charge remains balanced during the reaction, the reduction and 
oxidation rates must be equal. So even if anatase (001) is an excellent facet for oxidation reactions, 
it is a poor site for reduction reactions. 
 This idea can be expanded to the sapphire sample as well. Since the sapphire sample was 
already heterogeneous, multiple facets are available for the oxidation and reduction reactions. This 
would improve the overall reaction rate as seen in Table 3.2. The texture of titanium dioxide film 
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on sapphire is similar to the original proposed patterned substrates. However, the texturing is not 
controlled; therefore the dispersity of the two phases may not be consistent and could cause the 
lower activity compared to the amorphous film. 
 The addition of the BCP-pattern to the LAO sample demonstrated the impact of going from 
a single facet to multiple facets. However, crystal grains were not oriented and could not be 
considered positive result. The reaction rate fell in between that of an amorphous and crystalline 
sample, so no synergistic effect could be determined.  
 
3.7 Quantum yield 
Photoactivity measurements are for the most part, a characteristic of the system in which 
they are made. Depending on the reactor configuration, light source, form of catalyst (powdered, 
supported, film), reproducing results from another group is usually not possible. Quantum yield is 
a calculation that can provide an intrinsic measurement that can allow comparisons between 
systems. For quantum yield measurements to be useful though, they require the system to be well 
characterized. This is difficult for suspensions, since the light path varies in length and it is very 
difficult to measure the light absorption. Quantum yield is defined as ratio of the number of 
molecules reacted to the absorbed photons (equation 3.1). 
 𝑄𝑌 =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑟𝑒𝑎𝑐𝑡𝑒𝑑
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
 ( 3.1 ) 
The number of molecules reacted was measured from the methylene blue degradation experiments.  
 Measuring the absorbed photons requires some background theory. While not complete, 
the following section will provide the understanding necessary to calculate the absorptance in a 
thin film.15,16 
Optical Constants 
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The complex index of refraction, ?̂?, is defined as: 
 ?̂?(𝝎) = 𝒏(𝝎) + 𝒊𝒌(𝝎) ≡ √𝝐(𝝎) ( 3.2 ) 
where n is the real part of the index of refraction, ω is the frequency, k is the imaginary part, or 
extinction coefficient, and ε is the dielectric function. For absorbing films, k is responsible for the 
damping of light waves. The intensity of the light wave in a medium is: 
 𝐼 = 𝐼0𝑒
−𝛼𝑧 ( 3.3 ) 
where α is defined as: 
 𝛼(𝜆) =
4𝜋𝑘(𝜆)
𝜆
 ( 3.4 ) 
The absorption coefficient, α, has units of reciprocal length, so a value called the penetration depth 
is often used. The penetration depth is the reciprocal of α: 
 𝐷𝑝 =
1
𝛼
 ( 3.5 ) 
A higher penetration depth means the materials has low damping, whereas a material with a low 
penetration depth has high damping. 
Transmission, Reflection, Scattering, and Absorption 
When light impinges on the surface of a material,  light can follow four pathways (refer to 
Figure 3.9): 
a) reflected specularly (R) at the interface between mediums (air and the thin film) 
b) reflected diffusely, or scattered, (S) at the surface or in the second medium 
(scattered light can leave medium in any direction, including back towards the 
incoming light or traveling through the sample) 
c) transmitted (T) through the sample, maintaining a defined direction  
d) absorbed (A) in the medium (not shown in Figure 3.9; occurs only if k > 0 for 
the energy of the incoming light) 
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Figure 3.9: Visual definitions of reflectance (specular and diffuse), 
transmittance. Incident angle is defined as φ. 
When light passes from one medium into a second, conservation of energy must be maintained, 
therefore: 
 T + R + S + A = 1 ( 3.6 ) 
using the following definitions: 
 𝑇 =
𝐼𝑇
𝐼0
 
 𝑅 =
𝐼𝑅
𝐼0
 
 𝑆 =
𝐼𝑆
𝐼0
 
 𝐴 =
𝐼𝐴
𝐼0
 
These quantities are not independent of each other; knowing the value of three provides the fourth 
quantity. Measuring T and R for bulk samples is a trivial task for spectrophotometers available 
today, but is usually not possible for thin films. Since thin films typically require a substrate, the 
transmittance can no longer be measured by placing the sample in the light path. Even placing the 
film on a transparent substrate can give cause difficulties if the film shows antireflection properties, 
yielding a higher transmittance than the reference. 
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 The required theory to calculate T and R for thin films (A = 0, S = 0) is too lengthy to repeat 
here, so a condensed form will be presented. Using Snell’s law, the angle of refraction can be 
found from the incident angle and the two indices of refraction: 
 
𝐬𝐢𝐧 𝝋
𝐬𝐢𝐧 𝝍
=
?̂?𝟐
?̂?𝟏
 ( 3.7 ) 
If the incident angle, indices of refraction for all materials and polarization state of the incident 
light are known, the Maxwell’s boundary conditions for the E and H components of an incoming 
wave can be applied: 
 𝐸𝑥
0 + 𝐸𝑥
𝑅 = 𝐸𝑥
𝑇 ( 3.8 ) 
 𝐸𝑦
0 + 𝐸𝑦
𝑅 = 𝐸𝑦
𝑇 
 𝐻𝑥
0 + 𝐻𝑥
𝑅 = 𝐻𝑥
𝑇 ( 3.9 ) 
 𝐻𝑦
0 + 𝐻𝑦
𝑅 = 𝐻𝑦
𝑇 
where the superscripts 0, R, and T indicate incident, reflected and transmitted waves. 
 The incoming light wave has a polarization state that changes at an interface. The 
polarization state has two components, the p component (parallel to the incidence plane), and the 
s component (normal to the incidence plane). Therefore, for each quantity in 3.8 – 3.9, there is a p 
and s value: 
 𝐸 = 𝐸𝑠 + 𝐸𝑝 ≡ 𝐸𝑠𝒆𝑠 + 𝐸𝑝𝒆𝑝 
After substitution, equation 3.8 can be written as: 
 𝑐𝑜𝑠𝜑(𝐸𝑝
0 − 𝐸𝑝
𝑅) = 𝐸𝑝
𝑇𝑐𝑜𝑠𝜓 ( 3.10 ) 
 𝐸𝑠
0 + 𝐸𝑠
𝑅 = 𝐸𝑠
𝑇 
The quantities in equation 3.9 can be rewritten in terms of the electric field: 
𝐻𝑥
0 = −
?̂?1
𝜇0𝑐
𝐸𝑠
0𝑐𝑜𝑠𝜑 
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 𝐻𝑦
0 =
?̂?1
𝜇0𝑐
𝐸𝑝
0 
 𝐻𝑥
𝑅 =
?̂?1
𝜇0𝑐
𝐸𝑠
𝑅𝑐𝑜𝑠𝜑 
 𝐻𝑦
𝑅 =
?̂?1
𝜇0𝑐
𝐸𝑝
𝑅 
 𝐻𝑥
𝑇 = −
?̂?2
𝜇0𝑐
𝐸𝑠
𝑇𝑐𝑜𝑠𝜓 
 𝐻𝑦
𝑇 =
?̂?2
𝜇0𝑐
𝐸𝑝
𝑇 
where ?̂?𝑥 is the complex index of refraction of the medium, μ0 is the permeability of free space, 
and c is the speed of light in a vacuum. Substituting these equalities into 3.9: 
 ?̂?1 cos 𝜑 (𝐸𝑠
0 − 𝐸𝑠
𝑅) = ?̂?2 cos 𝜓  𝐸𝑠
𝑇 ( 3.11 ) 
 ?̂?1(𝐸𝑝
0 + 𝐸𝑝
𝑅) = ?̂?2𝐸𝑝
𝑇 
Equations 3.10 and 3.11 can then be used to define the unknown values rs, rp, ts, and tp: 
 𝑟𝑠 =
?̂?1 cos 𝜑−?̂?2 cos 𝜓
?̂?1 cos 𝜑+?̂?2 cos 𝜓
 ( 3.12 ) 
 𝑡𝑠 =
2?̂?1 cos 𝜑
?̂?1 cos 𝜑+?̂?2 cos 𝜓
 ( 3.13 ) 
 𝑟𝑝 =
?̂?2 cos 𝜑−?̂?1 cos 𝜓
?̂?2 cos 𝜑+?̂?1 cos 𝜓
 ( 3.14 ) 
 𝑡𝑝 =
2?̂?1 cos 𝜑
?̂?2 cos 𝜑+?̂?1 cos 𝜓
 ( 3.15 ) 
Equations 3.12 – 3.15 are known as Fresnel’s equations. Using Snell’s Law (3.7) and the Fresnel 
equations, the value of R and T can be found knowing the values of ?̂?1, ?̂?2, and φ: 
 𝑅 = |𝑟|2 ( 3.16 ) 
 𝑇 = 1 − 𝑅 =
𝑅𝑒(?̂?2 cos 𝜓)
𝑅𝑒(?̂?1 cos 𝜑)
|𝑡|2 ( 3.17 ) 
Making the assumption of real refractive indices and a normal incident angle (φ = 0), 3.16 – 3.17 
can be simplified to: 
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 𝑅12 = (
𝑛1−𝑛2
𝑛1+𝑛2
)
2
 ( 3.18 ) 
 𝑇12 =
4𝑛1𝑛2
(𝑛2+𝑛1)2
 ( 3.19 ) 
Thin films are considered to be a special case, since there are three indices of refraction and the 
wave in the film gains in phase, δ. When dealing with thin film systems, there are both transmission 
and reflection interactions occurring at the air-film interface, as well as the film-substrate interface 
(Figure 3.10).  
 
Figure 3.10: Thin film transmittance and reflectance. 
Using the subscripts from Figure 3.10, the values of r123 and t123 can be calculated as: 
 𝑟123 = 𝑟12 + 𝑡12𝑒
𝑖𝛿𝑟23𝑒
𝑖𝛿𝑡21 + 𝑡12𝑒
𝑖𝛿𝑟23𝑒
𝑖𝛿𝑟21𝑒
𝑖𝛿𝑟23𝑒
𝑖𝛿𝑡21 + ⋯ 
 = 𝑟12 + 𝑡12𝑟23𝑡21𝑒
2𝑖𝛿(1 + 𝑟21𝑟23𝑒
2𝑖𝛿 + ⋯ ) 
 = 𝑟12 +
𝑡12𝑟23𝑡21𝑒
2𝑖𝛿
1−𝑟21𝑟23𝑒2𝑖𝛿
 ( 3.20 ) 
 
 𝑡123 = 𝑡12𝑒
𝑖𝛿𝑡23 [1 + 𝑟21𝑟23𝑒
2𝑖𝛿 + (𝑟21𝑟23𝑒
2𝑖𝛿)
2
+ ⋯ ] 
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 =
𝑡12𝑡23𝑒
𝑖𝛿
1−𝑟21𝑟23𝑒2𝑖𝛿
 ( 3.21 ) 
The phase gain, δ, is defined as (see reference for complete derivation): 
 𝛿 = 2𝜋𝜈𝑑√𝑛2
2 − 𝑠𝑖𝑛2𝜑 ( 3.22 ) 
The overall reflectance, R, and transmission, T, can be found by substituting the values in 3.20 –
3.22 into 3.16 – 3.17: 
 𝑅 = |𝑟123|
2  
 𝑇 =
𝑅𝑒(?̂?3 cos 𝜑3)
𝑅𝑒(?̂?1 cos 𝜑)
|𝑡123|
2  
Making the assumptions of a homogenous material with a flat surface (S = 0), the absorptance can 
be found from 3.6: 
 𝐴 = 1 − 𝑇 − 𝑅 ( 3.23 ) 
This equation was used to calculate the absorptance values for titanium dioxide films. A 
absorptance curve for TiO2 on SiO2 is shown in Figure 3.11. Using equations 3.20, 3.21 & 3.23, 
the absorptance values were calculated for each film and used to find the quantum yield. The 
quantum yield was found using: 
 𝑄𝑌 =
𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑜𝑓 𝑀𝐵 𝑟𝑒𝑎𝑐𝑡𝑒𝑑/𝑠
𝐴∗(𝐼0∗𝑎𝑟𝑒𝑎)
  ( 3.24 ) 
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Figure 3.11: Absorptance curve for 50 nm TiO2 film on SiO2 layer. 
 
 From this data, the absorbed light can be calculated as a function of the wavelength, and 
then integrated to yield the total absorbed light. Combining this information with the rate of 
methylene blue degradation gives the quantum yields in Table 3.3. From the table, the values for 
quantum yield are around 0.4 – 4 x 10-4. These values are slightly lower, although comparable to 
other experiments using similar conditions of methylene blue degradation over a thin film.17 Since 
the film thickness was constant among all samples, the QY results mimic the degradation rates 
provided earlier. 
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Table 3.3: Quantum yields for TiO2 films with and without patterned 
substrates. Quantum yields were calculated using equation 3.1. 
Sample QY (x 10-4) 
TiO2/LAO 0.35 
TiO2/BCP+LAO 3.4 
TiO2/Sapphire 0.70 
TiO2/BCP+Sapphire 1.1 
TiO2/(Si/SiO2) 4.4 
 
3.8 Conclusions 
Nanopatterned substrates were successfully synthesized using block copolymer 
lithography. By selecting a BCP with silicon, PDMS, the deposited BCP film could be converted 
into a silicon oxide mask through a plasma treatment. This greatly simplified the overall synthesis, 
but caused issues in the overall effectiveness. 
Titanium dioxide films were deposited onto the substrates and compared to epitaxial films 
by XRD and photoactivity measurements. By adding the BCP-pattern, the photoactivity on LAO 
substrates was tripled. However, this increase was the result of the film going from epitaxial to 
amorphous. The BCP-pattern made little impact on the sapphire substrates. This could be due to 
the mixed phase film present already on the bare substrate, but is currently unknown. The highest 
photoactivity was in the TiO2 film deposited onto amorphous silica, resulting in an amorphous 
TiO2 film. The activity of the polycrystalline film was 50% higher than the next most active film, 
and over four times more active than the single crystal film on LAO.  
53 
3.9 References 
1 Gates BD, Xu Q, Stewart M, Ryan D, Willson CG, Whitesides GM. New approaches to 
nanofabrication: Molding, printing, and other techniques. Chem Rev. 2005;105(4):1171-
1196. 
2 Ku SJ, Kim SM, Bak CH, Kim J-. Nanoporous hard etch masks using silicon-containing 
block copolymer thin films. Polymer. 2011;52(1):86-90. 
3 Del Valle-Carrandi L, Alegría A, Arbe A, Colmenero J. Unexpected PDMS behavior in 
segregated cylindrical and spherical nanophases of PS-PDMS asymmetric diblock 
copolymers. Macromolecules. 2012;45(1):491-502. 
4 Jung YS, Ross CA. Orientation-controlled self-assembled nanolithography using a 
polystyrene - polydimethylsiloxane block copolymer. Nano Letters. 2007;7(7):2046-2050. 
5 Zhao L, Han M, Lian J. Photocatalytic activity of TiO2 films with mixed anatase and rutile 
structures prepared by pulsed laser deposition. Thin Solid Films. 2008;516(10):3394-3398. 
6 Salvador P. HOLE DIFFUSION LENGTH IN n-TiO//2 SINGLE CRYSTALS AND 
SINTERED ELECTRODES: PHOTOELECTROCHEMICAL DETERMINATION AND 
COMPARATIVE ANALYSIS. J Appl Phys. 1984;55(8):2977-2985. 
7 Mwabora JM, Ellmer K, Belaidi A, et al. Reactively sputtered TiO2 layers on SnO2:F 
substrates: A raman and surface photovoltage study. Thin Solid Films. 2008;516(12):3841-
3846. 
8 Neumann B, Brezesinsky T, Smarsly B, Tributsch H, eds. Tayloring the photocatalytical 
activity of anatase TiO2 thin film electrodes by three-dimensional mesoporosity. Diffusion 
and Defect Data Pt.B: Solid State Phenomena. 2010; 162: 91-113. 
54 
9 Liu M, De Leon Snapp N, Park H. Water photolysis with a cross-linked titanium dioxide 
nanowire anode. Chemical Science. 2011;2(1):80-87. 
10 Xiong Z, Zhang LL, Ma J, Zhao XS. Photocatalytic degradation of dyes over graphene-gold 
nanocomposites under visible light irradiation. Chemical Communications. 
2010;46(33):6099-6101. 
11 Liu S, Yu J, Jaroniec M. Tunable photocatalytic selectivity of hollow TiO2 microspheres 
composed of anatase polyhedra with exposed {001} facets. J Am Chem Soc. 
2010;132(34):11914-11916. 
12 Choi J, Park H, Hoffmann MR. Effects of single metal-ion doping on the visible-light 
photoreactivity of TiO2. Journal of Physical Chemistry C. 2010;114(2):783-792. 
13 Mills A, McFarlane M. Current and possible future methods of assessing the activities of 
photocatalyst films. Catalysis Today. 2007;129(1-2 SPEC. ISS.):22-28. 
14 Ohno T, Sarukawa K, Matsumura M. Crystal faces of rutile and anatase TiO2 particles and 
their roles in photocatalytic reactions. New Journal of Chemistry. 2002;26(9):1167-1170. 
15 Jensen, C (2011). Synthesis, characterization, and photocatalytic activity of tantalum oxide 
thin films, Master’s Thesis, University of Illinois – Urbana/Champaign. 
16 O. Stenzel (2005). The Physics of Thin Film Optical Spectra: An Introduction. Springer-
Verlag, Berlin. 
17 Fretwell R, Douglas P. An active, robust and transparent nanocrystalline anatase TiO2 thin 
film - preparation, characterisation and the kinetics of photodegradation of model pollutants. 
J Photochem Photobiol A. 2001;143(2-3):229-240. 
  
55 
CHAPTER 4  – METAL DEPOSITION KINETICS ON TITANIUM DIOXIDE FILMS 
 
4.1 Introduction 
Metals have been used to increase the visible light activity in TiO2 films for many years.
1-3 
While enhancing the photoactivity is almost only used for metal deposition, there are other uses 
for metal deposition onto photocatalyst. The next largest area of research involving metal 
deposition is in the removal of metals from wastewater. On the other hand, a small group of 
researchers have found that depending on the selection of the metal, the preferred oxidation and 
reduction sites can be found using just an SEM. This technique can be taken further to measure 
the reaction rates if the amount of metal deposited can be measured. There is some data available 
for the kinetics of metal deposition onto titanium dioxide, but to the best of the author’s knowledge, 
there have not been any studies relating the phase and orientation to the reaction rates. 
 
4.2 Previous work 
One of the first groups to specifically photodeposit a metal onto TiO2 was the deposition 
of platinum on powdered anatase particles by Kraeutler and Bard in 1978 in an attempt to increase 
the photoactivity.4 This was soon followed by Pd deposits,5 Ag deposits,6 and eventually many of 
transition metals.7 This technique is now a very common way to enhance photocatalysis. 
However, these groups were only interested in using the metal deposition as a way to 
increase the photoactivity of the TiO2 films. Another set of literature studies metal deposition as a 
way to remove heavy metals from water during treatment. This research is mainly focused on toxic 
metals such as chromium, mercury, lead, and arsenic.8 This research does focus on deposition 
rates, but it is not concerned with the location of the deposition sites. 
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Information regarding measuring the location of metal deposits on TiO2 crystals is very 
limited. The first appearance of the subject on TiO2 looked into the reduction and oxidation sites 
on single crystal rutile substrates.9 While some of the proposed mechanisms are no longer used, 
such as oxidation only occurring on illuminated surfaces and reduction occurring on dark surfaces, 
the authors of the paper knew that this could be an important tool in improving photocatalysis. The 
authors used both a chemical etch and mechanical polishing to roughen the surface to provide 
“light” and “dark” regions for the oxidation and reduction reactions. Unfortunately, there was no 
association between the different sides of the crystal with their facets, so it is difficult to gain a lot 
of insight. 
More recently, Rohrer’s research group has done work on measuring the location and 
deposition rate of silver and lead onto TiO2 crystals. There were two experiments performed, one 
on single crystal rutile substrates10 and another on a polycrystalline rutile film11 made from 
compressing powdered rutile. In both experiments, they found that the most active facets for the 
reduction of silver were the (101), (111), and (001), with the (100) and (110) facets showing much 
lower activity.  
A paper by Ohno et al. found that conflicting results compared to those of Rohrer.12 In 
Ohno’s experiment, platinum was deposited onto both a rutile and anatase crystal. Their results 
show that the most active facet of rutile for platinum reduction is (110), while the least active is 
the (101). For anatase, the highest reduction rate occurred on the (101) facet and the (001) facet 
had the lowest reduction rate. The paper also studied the deposition of lead, Pb2+ forming PbO2 on 
the surface. The results for oxidation were opposite of the findings from the reduction reactions. 
The discussion addresses the difference in the relative activities of the difference facets between 
the two groups’ results. The paper only addressed Rohrer’s paper on single crystal rutile substrates, 
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and Ohno hypothesized that the crystals were too large (55 µm) and exhibited bulk-like conditions. 
Due to this, charge transfer could not occur between adjacent facets except near the edge, lower 
the overall activity of the largest facets, (110). 
This is the only available literature that could be found relating the deposition of metal with 
relation to crystal phase and orientation. Perhaps it is not used due to the difficulty in quantifying 
the amount of material deposited, and is therefore only a qualitative method. Being able to measure 
the amount of metal deposited will allow this method to become a quantitative measurement and 
can provide some important information concerning the oxidation and reduction rates.  
 
4.3 Film synthesis and experimental setup 
Since this experiment will require extensive use of characterization using RBS, the 
substrates need to be selected so they will not overlap with the peaks from the metal deposition. 
While LAO was used previously to synthesis anatase films, lanthanum is a heavy element and 
severely limits the available metals to deposit. Another substrate that has shown to have a very 
good epitaxial relationship with titanium dioxide is (100) MgO.13 The resulting film should be 
(100) anatase, which is a different orientation than previous studies, but will provide an anatase 
sample for the experiment. 
(100) MgO, (0001) sapphire, and (100) rutile substrates were purchased from MTI 
corporation. The substrates will cleaned by annealing for 4 hours at 700°C and rinsing in DI water. 
Rutile substrates were used without any film deposition as a control. Silicon with a 100 nm thermal 
oxide was also used to check the reaction rates of the amorphous film. While temperature studies 
have been carried out on sapphire and Si/SiO2 substrates, MgO is a new material and will require 
some background data before beginning the metal deposition experiments. 
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Titanium dioxide films were deposited on MgO substrates from 350°C – 500°C (Figure 
4.1). The crystal structure of the TiO2 film as analyzed by XRD showed consistent trends over the 
temperature range. Below 500°C, the only detected peak corresponded to anatase (100) 
(2θ = 48.2°). The intensity of the A(100) peak increased up to 400°C and then dropped off sharply 
above that. At 500°C, a small rutile (110) peak began to form. Unlike previous substrates, where 
the highest quality film was at the maximum deposition temperature, the optimum temperature for 
MgO falls within the range of the equipment. 
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Figure 4.1: XRD spectra for TiO2 films deposited on (100) MgO substrates. Films were 
deposited at a working pressure of 5 mtorr, in 100% oxygen for 90 min. 
The experimental setup for metal deposition was less complex than the methylene blue 
trials. This is because the metal deposition experiments occur on a much shorter time scale and 
would not be feasible in a recirculating reactor. The films are placed in same sample holder as 
before, except the holder is sitting on a table instead of being secured to a vertical surface. Then 
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0.8 mL of solution is placed into the chamber, after which the holder is covered for 30 s for 
equilibration. The holder is moved under a UV-A source for the duration of the experiment. After 
the experiment the sample is washed thoroughly with DI water to remove and metal that is not 
bound. 
The two metal depositions that were measured are silver and cobalt. Both metals have a 
single step reduction (silver) or oxidation (cobalt) step. The oxidation of lead was investigated 
briefly, but was changed to cobalt to simplify the reaction kinetics, since lead needed to undergo 
two oxidation reactions. A solution of 0.1 M silver nitrate in DI water was prepared fresh for each 
set of experiments. Similarly, a solution of 0.5 M CoSO4 was prepared for each set of oxidation 
experiments. 
Following the deposition, a RBS measurement was taken for each sample. The data was 
then modeled so that the peak area corresponding to each metal matched the raw data. This data 
would be used to compare deposition rates for the different substrates. 
 
4.4 Metal deposition results 
Silver photodeposition experiments varied from 3 s to 120 s in duration. From the RBS 
results, the photodeposition rate silver on (100) rutile was much higher than any of the other 
substrates. The photodeposition rate for the TiO2 films on Si/SiO2 was still much higher than for 
the two epitaxial films. When comparing sapphire to just the MgO data points, the results agree 
with literature that the reduction rate of the (100) rutile film is higher than on (100) anatase. 
However, the activity of (100) rutile on sapphire was very low when compared to the (100) rutile 
substrate (Table 4.1). This is likely due to the near perfect quality of the single crystal substrate in 
comparison to the deposited film. Recombination occurs at grain boundaries at a much faster rate 
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than in the bulk crystal. A control experiment was carried out over a Si/SiO2 substrate without a 
TiO2 film, and no silver was measureable after 40s of illumination (Figure A.10). 
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Figure 4.2: Silver deposition on TiO2 films. Areal density measurements were taken from RBS 
measurements. The “Rutile” sample was a rutile substrate and did not have a deposited film. 
“SiO2/Si (dark)” was carried out in the absence of an illumination source. Error bars were on 
the same scale as the size of the markers and are omitted. 
 Cobalt deposition time was varied from 1 – 20 minutes. Cobalt deposits at a much slower 
rate, which is why the initial concentration was higher and the deposition time was longer. 
Attempting to fit data peaks below 1 x 1015 atoms/cm2 using RBS data is difficult without long 
collection times, so the experimental conditions were altered from the silver deposition conditions. 
From the collected data, Si/SiO2 once again had a very high deposition rate. MgO had a low 
deposition rate, but it was the next highest in the sample group. This agrees with previous studies 
stating that anatase is a better oxidation site than rutile. The activity of rutile drops of dramatically, 
with an oxidation rate that is an order of magnitude lower than the reduction rate. Sapphire showed 
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no relationship between deposition amount and deposition time. This experiment was repeated 
twice to verify the results with the same result each time.  
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Figure 4.3: Cobalt deposition on TiO2 films. Areal density measurements were taken from 
RBS measurements. The “Rutile” sample was a rutile substrate and did not have a deposited 
film. Error bars were on the same scale as the size of the markers and are omitted. 
 
Table 4.1: Silver and cobalt deposition rates on TiO2 films as measured by 
RBS. 
Sample 
Deposition Rate 
(µmol·cm-2·hr) 
Ag Co 
Si/SiO2 0.829 0.121 
MgO 0.0549 0.0314 
Sapphire 0.162 -7.95 x 10-4 
Rutile 2.90 0.0259 
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 The results do not follow a general trend, so conclusions are difficult to make at this point. 
From previous research, the (100) rutile facet was thought to be relatively inactive to reduction 
reactions. This was not found to be the case. The oxidation rate of (100) rutile is almost non-
existent, but that was not measured in previous papers. Looking at the remaining three films, the 
difference between oxidation and reduction was not significant for TiO2 on LAO. The difference 
was more pronounced for the films on sapphire and Si/SiO2. The polycrystalline film on Si/SiO2 
showed higher oxidation and reduction rates than the epitaxial films. Transmission electron 
microscopy may be able to provide more information concerning the association between the 
reduction and oxidation sites and crystal faces on the sapphire and Si/SiO2 films. Electron 
backscatter diffraction was unable to resolve the crystals due to the small grain size and insulating 
nature of both the film and substrates. 
 Perhaps the only significant finding from the results is that the reduction rate was higher 
for all materials tested. Titanium dioxide is typically used for its oxidation potential, so finding the 
reduction rate faster is intriguing. On the other hand, the two reaction rates should be equal for a 
single surface, so it is possible that silver is reduced more easily than oxygen, which is the only 
oxidant present in the cobalt system. Including a sacrificial agent may show this to be the case, but 
additional precautions are necessary when changing the chemistry and reaction pathways of the 
system. 
 
4.5 Quantum yield 
The quantum yield for the metal deposition was found following the same procedure 
outlined for the methylene blue degradation experiments. The data follows the same trend as the 
deposition rate, in which the quantum yields for silver deposition were higher than the quantum 
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yields for the cobalt deposition. The quantum yield of the Si/SiO2 substrate was higher than the 
rutile substrate, even though the rutile substrate showed the highest deposition rate. This is because 
the value of IA was an order of magnitude higher for the rutile substrate than for the thin TiO2 films 
due to the thickness of the substrate. 
Table 4.2: Quantum yield for metal deposition on TiO2. Quantum yield 
calculated using equation 3.1. The quantum yield for Co deposition onto 
sapphire supported films could not be calculated due to the negative value 
for deposition rate. 
Sample 
Quantum Yield 
(x 10-3) 
Ag Co 
Si/SiO2 95 14 
MgO 6.3 3.6 
Sapphire 19 -- 
Rutile 34 0.30 
 
The quantum yields for metal deposition were 1-2 orders of magnitude higher than the quantum 
yield values for methylene blue degradation. This is expected and matches previously reported 
results for silver photodeposition.14,15  The author was unable to find previous values for the 
quantum yield of cobalt photodeposition. The quantum yield data matches the data from the 
deposition rates and cannot be used to provide any additional information. 
 
4.6 Conclusions 
Silver and cobalt photodeposition was carried out over TiO2 thin films and a rutile 
substrate. The use of RBS to characterize the deposition rates is a valid and very useful tool for 
future research. RBS allows the collection of quantitative data that has not been possible in 
previous studies. The results showed an uneven deposition of the two metals, with silver having a 
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deposition rate 1 – 2 orders higher than cobalt deposition. This is most likely due to the potential 
difference between the band edges of titanium dioxide and the metal deposition reactions. The 
silver reduction reaction occurs at 0.80 eV with respect to the normal hydrogen electrode. During 
cobalt deposition, the only reduction reaction taking place is the formation of hydroperoxyl 
molecules (see Figure 1.2). The potential difference is minimal between the conduction band of 
titanium dioxide and the hydroperoxyl reaction. Adding a sacrificial reagent can help eliminate 
this issue, but changes the chemistry on the surface of titanium dioxide. 
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CHAPTER 5 – CONCLUSIONS AND RECOMMENDATIONS 
 
5.1 Nanotextured titanium dioxide 
Titanium dioxide films with a controlled mixture of crystal phases and orientations were 
attempted using a block copolymer patterned substrate. From the results, it was found that using 
the block copolymer mask impacted films different depending on the substrate. For LAO 
substrates, the (001) anatase phase was completely removed and no organized crystalline phase 
was present. Depositing the BCP mask on sapphire showed very little difference in the measure 
crystallinity. 
The photoactivity of the films showed a similar variation based on the substrate used. The 
BCP+LAO sample showed an increase in the activity from 8.0 to 26.6 µmol MB·hr-1·g TiO2. The 
BCP+sapphire sample showed no significant difference in activity compared to the 2 film on bare 
sapphire. The activity of an amorphous TiO2 film was also studied and had the highest measured 
activity of 34.3 µmol MB·hr-1·g TiO2. The activity of the amorphous film was double that of the 
sapphire sample and four times higher than the bare LAO sample. 
The results were inconclusive, but should not be dismissed without making a few 
measurements and changes to the experiment. It is hypothesized that the crystal formation on the 
two substrates was varied, and that while TiO2 crystals could still grow on the sapphire substrate 
after patterning, the crystals on LAO were too constrained to form. A method to test this would be 
to change the size scale of the PS-b-PDMS film. Ideally, the pattern would no longer be 
hexagonally-packed spheres, but a lamellar pattern. This would allow even spacing and eliminate 
the very constrained areas between spheres (~ 6 nm). Changing the morphology of the BCP was 
attempted, but the results were inconsistent with poor long range order (Figure 5.1). The issue with 
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reproducibility may be solved by building an annealing chamber to control temperature and 
humidity. Current deposition methods relied on the environmental controls of the lab space. Using 
deposition conditions from literature did not yield similar results. What resulted in lamellar films 
for some research groups still yielded packed spheres when duplicated.  
   
Figure 5.1: AFM profiles of two PS-b-PDMS films on Si/SiO2 substrates demonstrating the reproducibility 
issues in the BCP films. 1 wt% PS-b-PDMS was dissolved in toluene and deposited by spin coating. The film 
was then solvent annealed under 5:1 toluene:heptane for 12 hours. 
X-ray diffraction measures the orientation of crystals over a large area, so if the crystals 
are not ordered, they will not be detected. This was an issue for the BCP+LAO film. Electron 
backscatter diffraction is a technique that measures backscattered electrons using a SEM. Electrons 
that exit at the Bragg condition for the lattice spacing will form Kikuchi bands. The Bragg 
condition is met when exiting radiation undergoes constructive interference. This condition is 
given by Bragg’s law: 
 2𝑑𝑠𝑖𝑛𝜃 = 𝜎𝜆 ( 5.1 ) 
The patterns formed by Kikuchi bands can then can be indexed and fit to a crystal structure. This 
technique can show individual crystals of materials and the makeup of the phases and orientations 
in a polycrystalline material. 
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 Electron backscatter diffraction was used on the BCP-patterned films. However, due to the 
small crystal size and poor conductivity, the signal was insufficient to fit. To see the crystal 
orientations, transmission electron spectroscopy will need to be used. This technique can measure 
crystals of only a few nanometers, but requires the samples to be electron transparent. To do this, 
the film would need to be separated from the substrate. The substrates used (LAO and sapphire) 
are not easy to remove through chemical or physical processes without damaging the thin layer of 
TiO2. This measurement would be laborious, but should provide insight into the crystal structures 
on the mask and exposed substrate. 
 The experiment was based on depositing a textured crystalline TiO2 film onto a masked 
substrate. However, the masking material was amorphous SiOx, so the titanium dioxide deposited 
on the mask would most likely not be oriented. This was observed in the BCP+LAO sample as 
evidenced by a lack of any diffraction peaks. The lack of oriented structures was also visible in the 
sapphire sample, since there was no change in the diffraction pattern. If TEM measurements were 
available, then it would be worthwhile to look into changing the mask to a crystalline material. 
 As mentioned previously, it has been shown that rutile (110) grows epitaxially on silver 
(100).1 It has also been shown that you can deposit Ag (100) onto MgO (100).2,3 These two surfaces 
should provide rutile (110) and anatase (100). Patterning the silver can be done by two methods, 
although the first method would be easiest. The first uses the PS-b-PDMS method currently used. 
The silver film would be deposited on bare MgO at temperature. The BCP film would then be 
deposited by spin coating over the silver film. Using the CF4 + O2 plasma treatment would leave 
a surface with exposed silver and SiOx. Then the silver could be selectively etched using Piranha 
or CR-7, which does not etch silicon oxides.4 The SiOx could then be removed by etching in HF, 
which doesn’t etch silver appreciably. The patterned surface will now be MgO(100) and Ag(100). 
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 The other method involves changing the BCP to another material such as polystyrene-b-
polymethyl methacrylate (PS-b-PMMA). The BCP would be deposited onto the surface of MgO 
and treated with oxygen plasma. The plasma will selectively remove the PMMA, leaving a 
patterned surface of PS.5 The next step is where some effort would need to be taken to properly 
ensure epitaxial silver growth. The glass transition temperature of polystyrene is 107°C, which is 
not compatible with epitaxial growth of silver. It may be possible to deposit silver at room 
temperature and then etch the PS layer away, following by annealing to orient the silver. However, 
the quality of the silver layer would most likely be poor compared to depositing an epitaxial film.  
 The combination of Ag(100) and MgO(100) are given here as a recommendation. Other 
combinations of materials may provide better crystal orientations and would need to be explored. 
Trying Ag(100) on MgO(100) with the present BCP deposition would most likely fail. The spacing 
of the pattern is not sufficient to provide for crystal growth, so a transition to lamellar patterned 
surfaces should be performed first. 
 
5.2 Metal deposition to separate oxidation and reduction rates 
The deposition of silver and cobalt were measured over rutile (100), anatase (100) grown 
on LAO (100), rutile (100) grown on (0001) sapphire, and amorphous TiO2 on Si/SiO2. The results 
showed that the reduction of silver occurs at a higher rate on all titanium dioxide surfaces than the 
oxidation of cobalt. The rutile (100) substrate showed a reduction rate that was an order of 
magnitude higher than the oxidation rate. Rutile (100) on sapphire and the amorphous TiO2 
showed similar trends in which the reduction rate was significantly higher than the oxidation rate, 
but as pronounced as the rutile (100) substrate. The anatase (100) film was the only sample that 
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had a higher oxidation rate than reduction rate. This agrees with literature that anatase is the 
preferred location for oxidation reactions when compared to rutile. 
When thinking about a photochemical reaction, the reduction and oxidation rates must 
remain equal. If the metal reaction rates differ, then the rate limiting step is not constant for the 
two depositions. This could be due to multiple reasons. The absorption of Ag+ ions may require 
less energy than the absorption of oxygen, which is the most likely species to be reduced. The 
issue could be that the silver deposits are enhancing the activity of the films that is not being seen 
with the cobalt deposits. Silver is often thought to serve as an electron sink during photochemical 
reactions, providing better charge separation than is seen in pure TiO2.
6 
Eliminating the possible enhancement from silver can be done by first depositing another 
metal to serve as an electron sink for both deposition reactions. Platinum commonly is used for 
the same reason as silver: it serves as an electron sink to increase charge separation. By depositing 
platinum on the surface prior to the oxidation and reduction reactions, the effects of silver should 
be diminished. Platinum may serve as a site for deposition, so the effects of platinum will need to 
be evaluated as well. It is possible to deposit platinum particles uniformly across the surface using 
the same photodeposition mechanism. However, testing should be done on unaltered surfaces as 
well, so another film with localized platinum deposits on an edge will be tested as well. 
 
5.3 Conclusions 
Enhancing the photoactivity of titanium dioxide films can be done in a variety of methods. 
Most methods involve the use of a co-catalyst or sacrificial material. However, methods that focus 
on the improving the activity by changes to the structure of the film can still be improved using 
co-catalyst later. By limiting the work to only titanium dioxide, there are fewer interactions to 
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account for and information about the details of titanium dioxide can be found. The intent of this 
research was to probe the interactions between crystal phases and improving the activity by 
defining sites for the oxidation and reduction reactions. The results showed that single crystals 
showed less activity than mixed phases, which was known previously, but served as a check to the 
validity of the results. The persistent issue was that the amorphous titanium dioxide film showed 
superior activity for methylene blue degradation, as well as metal deposition. However, the film is 
polycrystalline to an extent and the mixed phases may once again be the reason for the enhanced 
activity. 
While the results did not show clear trends or expected results, the synthesis and 
characterization of the films can be used to continue the research. A few minor changes may be all 
that is necessary to epitaxially deposit two phases on a patterned substrate. Even if the 
photoactivity does not increase, the method to produce the films and the properties of the films 
could be used to test crystalline films in a way that is not currently available  
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APPENDIX A – SUPPLEMENTARY INFORMATION 
 
 
Figure A.1: Setup for measuring emissivity of backside coated substrates. Viewport window 
was same style as used on deposition chamber to account for any losses to reflections. 
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Figure A.2: Emissivities for NiCr backside coated substrates measured using a Lumasense 
IMPAC IGA 5. Emissivities were measured using the setup in Error! Reference source not 
found.. 
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Figure A.3: XRD spectrum of TiO2 film deposited on a (100) LaAlO3 substrate. Sputter 
deposition conditions were as follows: working pressure = 5 mtorr, Deposition time = 10 
minutes, O2:Ar = 1:20. Peaks at 47.9° and 23.5° correspond to the (100) peak and multiple 
reflection from (100) peak, respectively. 
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Figure A.4: RBS measurement of TiO2 film on quartz substrate. Film was deposited at 400°C, 
at a pressure of 5 mtorr, with O2:Ar = 1:20. Film deposition time was 10 minutes. Modeling 
parameters for target are in  
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Table A.1: Target parameters for modeling RBS data in Figure A.4. 
Layer 
Thickness  
(1015 atoms/cm2) 
Roughness 
(1015 atoms/cm2) 
Element Concentration 
1 750 50 
Ti 0.34 
O 0.66 
2 100,000 --- 
Si 0.33 
O 0.67 
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Figure A.5: RBS spectrum for TiO2 film deposited on LAO substrate at 450°C. Target data is 
shown in Table A.2. 
Table A.2: Target parameters for modeling RBS data in Figure A.5. 
Layer 
Thickness  
(1015 atoms/cm2) 
Roughness 
(1015 atoms/cm2) 
Element Concentration 
1 400 100 
Ti 0.34 
O 0.66 
2 100,000 --- 
La 0.20 
Al 0.20 
O 0.40 
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Figure A.6: SEM images of TiO2 films deposited on (100) LAO substrates at 400°C (left) and 
550°C (right). Accelerating voltage was 1 kV to reduce charging effects. 
 
  
Figure A.7: SEM images of patterned silicon wafer (left) as deposited and (right) after 
annealing at 700°C for 8 hours.. 1 wt% PS-b-PDMS in toluene was spin coated onto silicon 
wafers, followed by annealing 12 hours at room temperature in acetone vapor. The film was 
then exposed to 10 s of CF4 plasma followed by 60 s of O2 plasma.  
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Figure A.8: Spectral intensity from solar simulator before (black) and after (red) installing of Hoya B-460 filter 
with methylene blue absorbance (blue) shown for comparison. 
0 2 4 6 8 10 12 14
0.0
0.2
0.4
0.6
0.8
1.0
without filterC
/C
0
Time (hours)
with filter
 
 
Figure A.9: Methylene blue auto-oxidation using the solar simulator and with (black) and without (red) the 
Hoya B-460 filter. C/C0 is based on the intensity of the peak at 660 nm. 
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Figure A.10: RBS spectra for Ag deposition on Si/SiO2 substrate after 40s. No detectable Ag 
deposition in absence of TiO2 film. 
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APPENDIX B – Experimental Procedures 
B.1 Sputter Deposition 
Reactive ion sputter deposition was used to create the titanium dioxide films. This procedure 
is an addendum to the procedure provided by the Micro-Nano-Mechanical-Systems 
cleanroom, so only the changes needed for reactive ion sputtering and elevated temperature 
deposition will be covered. 
High temperature Deposition 
1) For deposition at elevated temperatures, an Inconel sample holder must be used. Inconel 
holders are all labeled by engraving. 
2) Follow the procedure provided by the cleanroom for the initial system check and sample 
loading. 
3) Make sure the heaters are off by pressing the red “OFF” button to the left of the temperature 
controller 
4) On the ATHENA temperature controller, press the up arrow ( ) to set the desired 
temperature. Note: the set temperature will not be the temperature of the substrates. Some 
trial & error will be necessary to find the set temperature required to reach the desired 
substrate temperature. See information on pyrometer. 
5) Press the  button until SPTT is displayed. Set this value using the arrows using the 
following equation 
𝑆𝑃𝑇𝑇 =
𝑇𝑆𝑉 − 𝑇𝑃𝑉
𝑇𝑟𝑎𝑚𝑝
 
where TSV and TPV are the set and current temperatures. The value of Tramp is the ramping 
rate and must not exceed 10. 
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6) Press and hold the  button until the SV display shows  
7) Press the green button labeled “ON” to the left of the temperature controller. The heaters 
will begin to ramp to temperature. Do not attempt to make any changes to the process while 
ramping as the system will heat at maximum power while changes are being entered. If the 
process temperature must be changed before reaching the set temperature, turn the heaters 
off and then change the settings. Then turn the heaters back on when  is displayed 
again. Please note the temperature of the system can fall by 100°C when changing the 
process temperature. 
8) When process is complete, press the red “OFF” button 
9) Change the set temperature to 15 by pressing the down ( ) button 
10) Do not unload samples until the temperature is below 80°C. Take care as the substrate 
holder will still be warm 
Using the pyrometer 
The system is equipped with an infrared pyrometer to measure the substrate temperature. The 
lowest temperature detected is 250°C, so processes below this temperature cannot be 
measured. The pyrometer is used to correct for temperature losses between the thermocouples 
and the substrates, which can be as high as 200°C. This limits the maximum deposition 
temperature to ~600°C. To use the pyrometer, the emissivity of the substrate must be known. 
Additionally, the substrate must be completely opaque from λ = 1.45 – 1.8 µm to prevent 
leakage from the quartz heaters. The substrates used in the experiment were coated with ~100 
nm of NiCr on the backside to block any light from the heaters. 
1) To measure the temperature of the substrate before deposition (to allow any corrections to 
the set temperature), the sample shutter must be opened (set to 330°). 
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2) There is a light source that can be used to illuminate the substrate if a specific location is 
desired on the sample holder. The light switch is located on the supporting frame of the 
sputter chamber by the rotation control. It may require temporarily turning off sample 
rotation  if the measurement is not in the center of the holder. 
3) The pyrometer is equipped with a camera that is connected to the monitor used for probe 
station. The power switch for the pyrometer is located to the right of the monitor (see 
image). Input “B” is used for the pyrometer on the monitor. 
 
Figure B.1: Probe station monitor used for pyrometer and power switch. 
4) On the PC, open the program InfraWin. Select “Measurement” to display the measured 
temperature over time. In the new window, the emissivity can be changed by selecting 
“Parameters” on the left side of the window. 
5) When the substrate is at the deposition temperature, be sure to close the sample shutter 
before igniting a plasma. Also, if the rotation was turned off to measure the temperature, it 
Pyrometer 
power switch 
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should be turned back on now. The pyrometer can be used to monitor the sample 
temperature during deposition without harm or interference. 
6) When finished using the pyrometer, close the measurement window. The data can be saved 
to a spreadsheet friendly format (.csv) to be displayed later. Close the InfraWin software. 
Turn off the pyrometer using the power switch by the monitor. If the light was used, be 
sure to turn it off as well. 
Reactive Ion Sputter Deposition 
The sputter chamber is equipped for reactive ion sputtering, but there is not a procedure listed 
for this technique in the cleanroom manual. This procedure will assume the user is trained and 
comfortable performing metal deposition. 
1) Follow the cleanroom manual for loading the sample and initial system checks. 
2) Once the system is ready for deposition, select the target that will be used. Note: remember 
that targets 1 and 2 share a power supply, so the target must be selected using the switch 
located below the sputter chamber 
3) Open the shutter for the target that will be used using the control panel. Open the gas inlet 
valve for the selected target. Turn on “D-S Conductance Valve” using the switch from the 
control panel. 
4) Before turning on the gas supplies, the ratio for gas flow should be set. The argon set point 
should be at 100 (can check by selecting Set Pt.). Nitrogen is connected switch 2 and 
oxygen is connected to 3. The ratio is based on a flow of 100 of argon. For a 1:1 ratio, enter 
100 by changing the “Set Pt.” screw and monitoring the set point using the switch. Basic 
ratios are listed in the following table. 
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Table B.1: Set point values needed for oxygen/nitrogen during reactive ion sputter deposition. 
Ratio Set Point Value 
1:1 100 
2:1 50 
3:1 33 
5:1 20 
10:1 10 
Note: this procedure assumes that argon will be used with the reactive gas. To use only the 
reactive gas, see the following procedure for the corrections needed. 
5) Turn on argon gas using the MKS 247 controller (switch 1). Allow the system pressure to 
stabilize by monitoring channel 3 on the pressure gauge. Most depositions occur at 5 mtorr. 
If a different value is needed, the set point knob can be changed using the MKS 250 
controller (knob to the left of the display). Please note this knob is difficult to turn and must 
be returned to a value of 1.600 when finished. 
6) When the pressure is stabilized, ignite the plasma using the appropriate power supply. 
7) Monitor the voltage on the power supply readout by cycling through until voltage is 
displayed using the “Actual” display. For titanium, the voltage is lower for the metal than 
the oxide, so the voltage should reach a stable minimum. Other materials may behave 
differently. 
8) After the voltage is stable, the reactive gas can be turned on using the appropriate switch 
on the MKS 247 controller. 
9) Wait for both the gas flows to stabilize and the voltage of the power supply to stabilize 
before opening the sample shutter. 
10) After deposition, close the sample shutter and turn off the reactive gas. Continue to sputter 
until the reactive layer is removed from the sample by monitoring the voltage. 
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11) Turn off the plasma and proceed to turn off the system and unload the sample following 
the cleanroom manual. 
Corrections for reactive ion sputtering without argon 
Depending on the materials and quality needed, the film deposition may require only the 
reactive gas to be present during sputter deposition. This process requires manual control of 
the gas flows to maintain the correct pressure and may need to be adjusted during the 
deposition. 
1) Follow the previous procedure until step 4 for reactive ion deposition 
2) Instead of inputting a value for the ratio, the value of the set point for the reactive gas will 
now be an absolute flow. The value depends on the cryo pump, but typically ~30 will result 
in a working pressure of 5 mtorr. Setting the value too low may result in plasma loss. 
3) Follow the previous procedure for steps 5 – 7. 
4) Turn on the reactive gas and turn off the argon. Monitor the pressure. After the pressure 
has stabilized, make any pressure adjustments necessary by changing the set point value. 
The gas flow is very sensitive, where ~1/2 of a turn will result in a change of 1 sccm. 
5) Wait for the voltage to stabilize on the power supply before deposition. Depending on the 
length of the deposition, the pressure may change and require small changes to the reactive 
gas flow. 
6) After deposition, close the sample shutter and turn on the argon gas. Turn off the reactive 
gas and wait for the voltage on the power supply to stabilize before beginning the unloading 
and shutdown procedures found in the clean room manual. 
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B.2 Methylene blue degradation 
Methylene blue degradation studies were carried out using the Newport Solar Simulator in the 
laser lab facilities in the Frederick Seitz Materials Research Laboratory. The methylene blue 
degradation setup may be removed in the future. Refer to Figure 3.6 if the system needs to be 
rebuilt or replicated. 
1) Samples should be larger than 20 x 20 mm. If samples are smaller than this, they must be 
mounted onto a larger substrate (glass slide) using a water- and UV-compatible adhesive. 
2) The reactor chamber should be centered over the sample to be studied. Attach the inlet and 
outlet tubing to the reactor chamber. The chamber and sample are then mounted vertically 
onto the breadboard using four thumbscrews and the sample holder. The sample should be 
centered to the best of ability. 
3) The reservoir should be filled with DI water for calibration of the UV-Vis spectrometer 
before each trial. Turn on the peristaltic pump (setting = 4.0). The fluid flow direction 
should follow Figure 3.6 and will be termed forward for this procedure. 
4) Monitor the system for any leaks. If a leak is found, reverse the flow of the pump to remove 
any water before disassembly. Fix any leaks if necessary and then continue. 
5) Turn on the light source for the UV-Vis spectrometer. 
6) Open the Spectrasuite software on the PC. Detailed information can be found in help files 
or the software manual. This procedure will only cover the changes necessary to complete 
an absorbance measurement. 
7) Adjust the integration time (~2,500 ms) so that the intensity of the peak of the spectrum is 
between 55,000 and 60,000. Saturation of the detector occurs at ~70,000 counts. 
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8) To begin an absorbance measurement, click File => New => Absorbance Measurement. 
Click next. 
9) Input the integration time found previously (step 6). Click next. 
10) Click on the  button to save the light reference. Continue to click the  button until the 
spectra shown in the window does not change (only needed if the light source was recently 
turned on and is still warming up). Click next. 
11) Block the light source by inserting a piece of metal into the slit on the light source. Click 
the  button until the spectrum shown does not change. Click next. Click Finish 
12) Select the option to show data in a new tab and click Accept 
13) Empty the system by reversing the flow of the peristaltic pump (reverse). Remove the 
tubing connected to the flow cell from the reservoir to draw in air into the system. Turn off 
the pump and remove the reservoir from the system. 
14) Empty the reservoir and fill with a measured amount of methylene blue of known 
concentration. 
15) Replace the tubing into the reservoir and turn on the peristaltic pump (forward). 
16) After a few seconds, the methylene blue should have filled the system and be detected by 
an absorbance peak on the screen. 
17) The data is not saved automatically, and can be set up using File => Save Spectrum. 
a. To save the absorbance data, select the second line in the “Spectrum Source” box. 
b. Select the time between saved files. For thin film measurements, the changes are 
slow enough that every 10 – 20 minutes is sufficient 
c. Select the File Type desired for future processing 
d. Select the Directory and type a Filename 
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18) If only the absorbance peak of methylene blue is required, a Strip Chart can be used to 
monitor the intensity of a single wavelength over time. 
a. Select the  icon 
b. Select the second source listed 
c. The field for update is only for visual purposes on screen. The save interval is set 
later. 1 – 10 seconds is usually sufficient for this field 
d. For “Range Selection,” select “One Wavelength” and type 665.03 into the box 
e. Select the “Auto-Save” tab 
f. Check the box to enable Auto-Save 
g. Enter the directory, filename and save interval 
h. Click Accept 
19) Allow the system to run for two hours without the solar simulator to allow the methylene 
blue to equilibrate 
20) Make sure the condensing lens is in place for focusing onto the sample (covered in training) 
21) Turn on the power supply for the solar simulator 
22) Turn on the output power for the solar simulator 
23) If the light output is not onto the sample, adjust the mirrors as needed to direct the light 
path 
24) After the experiment is over, stop data acquisition on the computer by closing the strip 
chart and absorbance spectrum. If finished, close the Spectrasuite program. 
25) After completing the data acquisition, turn off the output power to the solar simulator. Do 
not turn off the power supply until the cooling fan has turned off on the light source. 
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26) Change the pump to reverse flow and remove the tubing connected to the flow cell from 
the reservoir. Empty the methylene blue from the system. Dispose of the methylene blue 
into the appropriate waste container. 
27) Flush DI water through the system for 5 minutes to remove absorbed methylene blue from 
the system 
28) Remove water from the system. Unscrew the thumbscrews on the sample holder and 
remove the tubing from the reactor chamber. Remove the reactor chamber from the sample. 
29) If finished, make sure to turn off the light source for the UV-Vis spectrometer, close 
Spectrasuite and make sure the power supply for the solar simulator is turned off. Wipe up 
any water spilled. 
B.3 Metal photodeposition 
The light source used for metal deposition was a Spectroline E-160 handheld light source with 
an emission peak centered at 365 nm. The light source was place on top of wafer holders to 
space the light ~1 cm from the film during deposition. 
1) Turn on the light source to allow the bulb to warm up 
2) Place the PDMS spacer from the reactor chamber over the sample. If sample does not seal 
around edge of chamber, attach the sample to a glass slide using a water- and uv-compatible 
adhesive 
3) Make a solution of 0.1 M silver nitrate or 0.5 M cobalt sulfate. The volume is dependent 
on the number of depositions (0.8 mL/trial). 
4) Using a micropipetter, add 0.8 mL of solution to the reaction chamber. 
5) Cover the chamber to block ambient light for 20s 
6) Remove cover and place reaction chamber underneath UV light source. Begin timing. 
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7) After completion of deposition, remove the sample from the light source and pipette the 
solution from the reaction chamber into a waste container. 
8) Remove the sample and rinse thoroughly with DI water 
 
